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Abstract
This paper provides a short review on recent advances in production of renewable energy through
thermochemical processes followed by upgrading techniques such as hydrodeoxygenation,
esterification, and steam reforming. Pyrolysis, gasification, and hydrothermal liquefaction have
been the main processes of interest for the production of biomass energy for the past decades.
However several challenges such as high capital cost due to high energy utilization for thermal
processes and hydrogen consumption make these processes less competitive with the existing
fossil fuel energy. Further processing of the raw bio-oil is required to improve its fuel properties
such as energy density, octane number, and oxygen content. A comprehensive detail on the
catalytic cracking, hydrodeoxygenation (HDO), esterification, supercritical extraction and steam
reforming processes are reviewed. The major key barriers seem to be high hydrogen consumption
and catalyst deactivation during HDO process as the most effective upgrading technique. Notable
progresses have been made in the field of catalyst development for HDO process in past few years
that can potentially make biomass-energy technology more competitive with traditional fossil
fuels.
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1. Introduction
The research and development of renewable energy has received much attention since the rise of
crude oil price in 1970s, especially on developing substitute fuels to satisfy the worldwide
economies and environmental concerns [1, 2]. Biomass is considered as a sustainable resource for
producing energy, fuels, and alternative chemicals. Bio-based products overcome over
conventional fossil-based products in reducing green-house gas effects because the production and
use of biomass completes the carbon cycle in a short duration.
In this regard viewing the increase in the energy demands and keeping in view of the pollution, a
shift over to non-conventional sources like wind, sunlight, water and biomass, etc. have become
unavoidable. Hence, renewable energy has become an essential contributor to the energy segment
to renovate the energy source structure, reduce the reliance on fossil fuel resources and provide
chances to alleviate the greenhouse gases, and synthesis of chemicals. Biomass energy is one
amongst the aforementioned sources being used from ancient times which are plentifully and
inexpensively available throughout the world, however, the present contribution of renewable bioenergy in the global energy requirement is approximately20% only [3]. Biomasses contain varying
amounts of cellulose, hemicellulose, and lignin. Compared to fossil fuels, biomass has a greater
potential to be an alternate source of energy due to its advantages of reproducibility, resource
universality and environmental protection [3]. Though biomass is complex in nature due to
presence of small amounts of sulfur, nitrogen and ash it produces less NOx, SO2, and soot
compared to liquid hydrocarbons [4]. In addition zero or negative CO2 emission is possible from
biomass fuel production because released CO2 from the combustion of bio-oil can be recycled into
the plant photosynthesis [5].
The storage and transportation stability is one of the most critical properties of bio-oil that hinder
its successful commercialization for fuels, chemical and power production. The bio-oil stability
can be improved by reduction of oxygen content, especially removal of the oxygen heteroatoms
that contribute to the high acid number, and also substantial removal of char fines [6]. A stabilized
bio-oil should have a total acid number of less than10 and char fines content of lessthan 0.5wt%.
Considerable efforts during the last five to ten years have contributed to the development of
measuring standards and methods of bio-oil stability so that improvements in the storage and
transportation stability of bio-oil can be quantified [7, 8]. So far, extensive studies have been

focused on the upgrading of bio-oil into advanced bio-products and/or biofuels, and the state-ofart of bio-oil upgrading has been critically reviewed [3-8]. However, only limited information is
available on the comprehensive understanding of bio-oil stability, including the mechanisms
leading to instability, methods to quantitatively measure stability, the difference between
stabilization and upgrading of bio-oil, and recent developments in techniques and methods to
improve the storage and transportation stability of bio-oil.
This review focuses on the recent developments in technologies to overcome challenges in using
bio-oil with a special focus on its upgrading via hydrodeoxygenation.

2. Biomass energy technologies

2.1. Thermochemical processes
Recently, vast amount of the work pertaining to hydrothermal liquefaction (HTL) of wet and dry
biomass through different techniques has been carried out by many researchers. For instance,
glimpses of HTL process on dry biomass and obtained bio-oil with properties equivalent to
pyrolysis oil. The composition of the bio-oil is relatively equivalent to conventional gasoline.
Further, to obtain higher percentages of yield, the blending of algal crude to petro crude has been
introduced that is turned to diesel fraction [9]. Aspen wood derived bio-oil characteristics is
reported to be equivalent to gasoline [10]. Hydrothermal liquefaction of wet and dry biomass
results in the higher yields of phenolics at the conventional operating temperatures rather than
desired aromatics [11]. Maddi et al. Value added chemicals have been obtained through
hydrothermal liquefaction of bio-oil and succeeded in obtaining the same [9-11]. Another
important aspect of this HTL process is the introduction of continuous flow reactor which yields a
significant amount of heating values which was reported [12]. The importance of introducing the
continuous flow reactors rather than conventional batch process for the higher yields of HTL
products has been studied too.
Thermal decomposition of biomass under oxygen free condition is called Pyrolysis. The products
from pyrolysis include a heterogeneous mixture of liquid oil which is often called as pyrolysis oil,

non-condensable gases, and solid char often named as bio-char [12]. Pyrolysis in comparison to
liquefaction has proved to be a more viable option to produce liquid oil from biomass as it has low
installation and operating cost; and its process conditions are easy to maintain [9-12].
Gasification of biomass is adopted to produce higher yield of gaseous product enriched with CO,
H2, CH4 and CO2 gases. This can be achieved by optimizing process conditions under controlled
oxidation of biomass. This gas contains few impurities and after purification can be used as fuel
directly or can be converted to chemical feedstock via biological fermentation and catalytic
upgrading [13, 14].

2.2. Upgrading processes
Supercritical fluids
A new method for upgrading bio-oil from fast pyrolysis using supercritical fluid (SCF) has drawn
a great attention in the recent past. This method takes advantage of the unique and superior
properties of supercritical reaction media, such as liquid like density, faster rates of heat and mass
transfer dissolving power and gas like diffusivity and viscosity [9]. SCF can be used as a reaction
condition to produce bio-oils and it can also be used as a superior medium to upgrade bio-oils with
much lower viscosity and high calorific values [13]. Usually, the upgrading method using SCF
performed effectively in improving the quality and yield with the help of some catalyst such as
aluminum silicate, zeolite, bi-functional catalysts, etc. After upgrading the components of bio-oil
were optimized significantly and the properties of bio-oil were improved greatly [15].
Esterification
The drawbacks of the bio-oil comprising low heating value, high viscosity, high corrosiveness and
poor stability needs to be addressed and resolved through the process of upgrading of bio- oil. Biooil comprises variety of compounds including organic and inorganic matters in which the organic
acids are converted to the corresponding esters which improves the quality of bio-oil [4-9]. The
resulted bio-oil after esterification leads to lower acid number, water contents, and viscosities
whereas the stability along with the corrosions is also promoted. The esterification of bio-oil leads
to the heavy residues of phenol followed by ketones and hydrocarbons [9-16]. Several researches
reveal that the performance of the solid acid catalyst prone to have high catalytic activity to convert
organic acids such as propionic acids, acetic acid and formic acid into esters [14-16].

Steam reforming
Steam reforming is additionally a viable strategy to redesign pyrolysis bio-oil. It could at the same
time produce renewable and clear gaseous hydrogen alongside bio-oil upgrading which is the
significant preference of this procedure. The choosing of proper catalyst is also an important task
in the process of steam reforming as the amount of formation of these gaseous products also relies
on the type and catalyst activity. Further the coke formation deactivates the catalyst and it is one
of the most important parameters to be taken care. In general the formation of the coke and the
catalyst deactivation starts at an optimum temperature of 575– 900 °C [2-8]. This carbon
deposition is eliminated by increasing the steam to carbon ratio. Also the regenerated catalyst
shows the activity lesser than the original catalyst due to the deposition of iron or metals on the
surface of the catalyst. The approximate steam to carbon ratio is 7–9. Substantial research has been
carried out on the production of hydrogen from various sources of bio-oil under the presence of
various catalyst [7-14].

Hydrodeoxygenation
To beat the issues brought about because of the pernicious materials in the bio oil because of oxyrich antecedents like sugars and so on an upgrading procedure is to be conveyed. Among the
different upgrading procedures, the hydrodeoxygenation (HDO) strategy has attained a lot of
attention so that the unprocessed bio- oil can be converted into bio-fuel HDO is the hydrogenolysis
process and the centrality of the HDO methodology lies with the measure of oxygen evacuation as
water present in the oxy rich bio oil and upgrading of substantial buildups. According to the gauges
of American Petroleum Institute (API) the normal estimation of the oxygen substance ought not
surpass 0.5 wt% while the oxygen substance of pyrolysis bio oil is around 1.2 wt%. These hydrotreating of transforming components utilize high pressures to evacuate oxygen and hydrogen and
heterous molecules out of the bio-oil. HDO procedure is less relevant to the tradition petroleum as
the substance of oxygen is under 3000 ppmw in petroleum [4-15]. As hydrodeoxygenation is the
most effective means of bio-oil upgrading, this process is more critically evaluated in the following
section.

3. Challenges and future prospects for hydrodeoxygenation process

3.1. Hydrogen production
Fig. 1 displays the main processes involved in a lignocellulosic thermochemical bio-refinery for
the production of valuable products such as automotive fuels, light olefins and H2. Hydrogen can
be produced through many methods, and currently, most hydrogen is produced from fossil fuels
[17]. However, to maintain a sustainable development of hydrogen society, hydrogen production
from renewable sources attracts more attention. Biological hydrogen production is broadly studied
for its mild reaction condition and high potential environmental benefits. With higher hydrogen
production rate, simpler reactor construction and independency of light, dark fermentation is
preferred [18]. Dark fermentative hydrogen production was studied in 1970s, in which hydrogen
was produced from glucose by immobilized clostridium butyricum. Then, lots of studies were
conducted focusing on various aspects of dark fermentation, like the selection of inoculum,
optimization of operational conditions, utilization of various substrates, analysis of metabolic
pathways, metabolic engineering and reactor design. For the further application of fermentative
hydrogen production, the increase of the hydrogen production efficiency and the decrease of the
operational cost are essential. Biomass wastes can be supplied as low-cost substrate for dark
fermentative hydrogen production, which significantly reduces the hydrogen production cost [19].
Furthermore, hydrogen production from biomass supplies dual benefits of energy generation and
wastes treatment, since agricultural and municipal wastes can be deposed at the same time.
Hydrogen production is the most challenging aspect of bio-fuel technology because hydrogen is
the main reactant in hydrodeoxygenation of bio-oil.

Fig. 1: Schematic representation of the main processes involved in a lignocellulosic
thermochemical bio-refinery.

3.2. Catalyst development
After hydrogen production, catalyst development is the second main key to hydrodeoxygenation
technology. Fig. 2 shows the HDO catalysts that have been used for bio-oil upgrading. HDO
involves the presence of a catalyst phase and a gas (H2) phase at a moderate temperature (300–
600 °C) in which oxygen is removed in the form of water. An active and stable catalyst plays a
crucial role during HDO process. To date transition metal sulfides, carbides, nitrides, oxy nitrides,
phosphides, noble metals, precious metals, and metal oxides have been used as the active catalyst
phases for the HDO process [1-10]. Details of roles of some of these catalysts are presented below.
Ni–Mo and Co–Mo supported on Al2O3 are the conventional transition metal sulfides catalysts
that are used mostly in the HDO processing [13]. The sulphided catalyst show Bronsted acid
character since groups such as H+ and SH- exist in the catalyst surface. Thus they remove oxygen
from HDO reactions. Additives like phosphorous, potash, and platinum are added to Co–Mo or
Ni–Mo catalyst and the promotion effect of phosphorous is resulted as follows:

1-Formation of new Lewis and Bronsted acid sites on the catalyst surfaces.
2- Formation of compounds that are easily reducible and sulphidable.

3- Increase in Mo dispersion due to solubility of molybdate by the formation of phosphor
molybdate complexes.
Nobel metal catalysts such as Pt, Pd, and Ru have also been used in HDO processing of bio-oils.
However, these catalysts are more expensive than traditional HDO catalysts [12].
To date, high hydrogen consumption and catalyst deactivation due to coke formation are two most
important barriers of biomass-energy [8].

Fig. 2: Hydrodeoxygenation catalysts

3.3. Recent advances
HDO catalyst preparation from waste material is an effective means of value addition to the waste
that at the same time, makes the HDO process more feasible. In a recent attempt, Jahromi and
Agblevor performed extensive studies on preparation of red mud-supported Ni catalyst (Ni/RM)
for HDO process [20, 21]. This catalyst was used to upgrade pinyon-juniper (PJ) catalytic pyrolysis
oil, aqueous phase PJ pyrolysis oil, and bio-oil model compounds. The new catalyst was much
more effective than commercial Ni/SiO2-Al2O3 that have been widely used for HDO of bio-oil.

The Ni/RM catalyst was regenerable, cheaper, and consumed less oxygen than the commercial
catalyst [20]. As the new catalyst was able to catalyze HDO reactions at lower temperatures (400
°C) compared to commercial catalysts (450 °C) more liquid hydrocarbon yield was obtained using
Ni/RM [20]. In another comparative study of guaiacol HDO, more BTX selectivity was achieved
using Ni/RM catalyst. Overall the new catalyst performed much better than the commercial
Ni/SiO2-Al2O3. It is expected that RM can serve as catalyst support for other HDO-active metals
as well as nickel [21]. The new Ni/RM catalyst is a potential substitute for other HDO catalysts
[23, 24].

4. Conclusion
A short review study was carried out on pathways and key barriers of biomass-derived renewable
energy. Problems with biomass are associated with the cost of transport due to low mass and
energy density. To circumvent this, local production of bio-oil seems a viable option, being a more
energy dense intermediate for processing of the biomass. This process is further applicable with
all types of biomass. However, bio-oil suffers from high oxygen content, rendering it acidic,
instable, and immiscible with oil and giving it a low heating value. Utilization of bio oil therefore
requires further processing in order to use it as a fuel. Various techniques are available for the
processing/upgrading of bio-oil comprising of catalytic cracking, hydrodeoxygenation, steam
reforming, esterification, emulsification, supercritical fluids etc. An abundance of literature is
available on these techniques but for the individual compounds of the bio-oil. There is no specific
reaction mechanism for overall pyrolysis bio-oil upgrading has been done till date. Among the
various techniques mentioned overall hydrodeoxygenation (HDO) seems to be the promising route
for the upgrading of bio-oil as it is economically viable, with production prices equivalent to
conventional crude oil, but challenges still exist with this field. The reaction mechanism or the
inside chemistry of the hydrodeoxygenation is not clearly known. Essential advances have been
made recently in the field of catalyst development for HDO processing of bio-oil. Problems such
as high hydrogen consumption and coke formation have been significantly addressed although
more detailed work is require to maximize the production efficiency of pyrolysis-HDO technique.
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